Absorption of hydrogen molecules on Nickel and Rhodium -doped hexagonal boron nitride(BN) sheet is investigated by using the first principle method. The most stable site for the Ni atom was the on top side of nitrogen atom, while Rh atoms deservers a hollow site over the hexagonal BN sheet. The first hydrogen molecule was absorbed dissociatively over Rh atom, and molecularly on Ni doped BN sheet. Both Ni and Rh atoms are capable to absorb up to three hydrogen molecules chemically and the metal atom to BN sheet distance increases with the increase in the number of hydrogen molecules. Finally, our calculations offer explanation for the nature of bonding between the metal atom and the hydrogen molecules, which is due to the hybridization of metal d orbital with the hydrogen s orbital. These calculation results can be useful to understand the nature of interaction between the doped metal and the BN sheet, and their interaction with the hydrogen molecules.
Introduction :
Hydrogen is attractive as a fuel because its use creates neither air pollution nor greenhouse-gas emissions [1] [2] [3] . The use of hydrogen requires an effective, safe, and stable storage medium. However, how to store hydrogen easily and cheaply is still a big and challenging problem [4, 5] . The current methods of storing hydrogen as compressed gas or in the liquid form do not meet the industrial requirements because the energy densities are much lower than that in gasoline. Moreover, there are issues of safety and cost involved in compressing hydrogen under high pressure or liquefying it at cryogenic temperatures. Although storage of hydrogen in solid-state materials offers an alternative, there are no current solid-state storage materials that meet the industry requirements.
In the past, considerable attention has been focused on porous materials such as Metal-organic Frameworks (MOF's), clathrates, carbon nanotubes, and fullerenes as possible materials for hydrogen storage [6] [7] [8] [9] [10] . Recent efforts have been directed at noncarbon nanosystems composed of light elements such as B and N [11] . B-N nanostructures are an analogue of the carbon ones and offer many advantages. Carbon based materials are oxidized at 600 o C while B-N materials are stable upto 1000 o C. The heteropolar nature in the BN sheets offers higher binding energy for hydrogen compared to the carbon based materials. It has been found experimentally that at 10 MPa the BN nanotubes can store as much as 2.6 wt % of hydrogen and that collapsed BN nanotubes exhibit an even higher storage capacity (4.2 wt%) [12, 13] .
Boron nitride can exist in a hexagonal structure h-BN similar to the graphite sheet structure. Very recently Osterwalder et al. prepared BN sheets by high-temperature exposure of the clean rhodium surface to borazine [14] . Following the work, BN sheets were prepared by exposing borazine on the transition metal surface [15] [16] [17] . Hydrogen storage properties of BN nanotubes have been well investigated, however only little attention has been paid to sheets [18] [19] [20] [21] [22] . Alonso et al. using DFT method claimed that adsorption capacity of h-BN sheets is similar to carbon nanotubes [23] . Very recently, Shevlin and Guo found that binding properties of boron-nitiride systems are strongly dependent on the defects and dopants present on the sheets [24] .
Doping of transition elements was found to increase the hydrogen storage properties of materials [25] . Especially nickel and rhodium are widely used in the hydrogenation reaction and also in the synthesis of BN sheets. It is worth to mention that BN sheet preparation involves transition metals unlike in carbon system, which needs external doping that cannot easily controlled in experiments. Considering the potential application of Ni and Rh nanoparticles in hydrogen storage and in catalysis, in this paper we computationally report the first attempt on the interaction of Ni and Rh atom on the BN sheets through the first-principles calculations. We also analyze the interaction between hydrogen molecules and the metal atoms adsorbed on the BN sheets, which might be useful to maximize the hydrogen storage capacity.
Computational details
All of our calculations have been carried out using Density Functional Theory (DFT) within the Generalized-Gradient Approximation (GGA), with the exchangecorrelation functional of Perdew and Wang (PW91) [26] . We used ultrasoft The absorption energy for hydrogen over the metal doped BN sheets was calculated using
Where E(BN s +M+ nH 2 ) is the total energy of BN sheets doped with metal and absorbed with hydrogen, E(BN S + M) is the total energy of the BN sheet doped with metal atom, and E(nH 2 ) is the total energy of hydrogen molecules.
Results

Position of metal atom on BN sheet and bonding
We first explored the absorption site on which metal atom can give rise to the highest absorption energy on the BN sheet. Four possible sites, including the top site of the boron atom (B), the top site of the nitrogen atom (N), the bridge site over BN bond (BN) and the hollow site of the hexagon BN (H) ring as shown in Fig.1(a) were tested.
After full structural optimization, the Ni atom was found to locate at either N or H site, regardless of the initial location of the Ni atom. The most stable structure for the Ni atom doped BN sheet was found to be the N site, while the H site is less stable by 2.76 eV.
Indeed, Shin and co-worker, found that Ni atoms prefer the bridge site in the fullerenes [27] . When Ni atom is capped on the BN sheet, the B -N distance around the Ni atoms is slightly elongated from 1.53 to 1.57 Å, and the N -Ni distance was found to be 1.83 Å which is close to the value of 1.88 Å predicted by x-ray photoelectron diffraction(XPD) study [28] . For the Rh atom the best site was found to be on the hexagon BN ring, while the BN site was less stable by 2.92 eV. The distance between the nitrogen and Rh atom was 2.40 Å, whereas the distance between the boron and Rh atom was 2.33 Å.
To understand the bonding characteristics, we calculate the charge density difference of the system, which is defined as the difference between the total charge density and the atomic charge densities. The charge difference for the BN sheets with To know the maximum number of hydrogen molecules that can be chemically absorbed, we added third and fourth hydrogen molecules to the metal doped BN sheets.
When the third hydrogen molecule is placed near the Ni atom, it was chemisorbed and was found to be at a distance of 1.61 Å from Ni atom, with a absorption energy of 0.739 eV. Furthermore, the Ni-N distance weakens further and the H -H distance for the third molecule was 0.85 Å. The lowest energy optimized geometry for the third hydrogen molecule adsorbed over Ni atom doped BN sheets is shown in Fig. 3c With the introduction of fourth hydrogen molecule near the Ni atom, the system gets optimized with one hydrogen molecule at 3.855 Å away from the Ni atom, whose H -H distance was 0.750 Å . Thus Ni atom can adsorb 3 molecules of hydrogen by chemisorption and the other hydrogen molecules stay in molecular form.
In the case of Rh doped BN sheets, the introduction of third hydrogen molecule was found to be chemisorbed over the Rh atom and was at a distance of 1.74 Å away from it and with a binding energy of 0.87 eV. However, the Rh atom was found to migrate from the hollow site of the hexagon BN ring to the on top site of the nitrogen atom and was 2.33 Å away from the nitrogen atom. The optimized geometry along with the three hydrogen molecules adsorbed over Rh atom doped BN sheet is provided in Fig. 3d . Upon introduction of fourth hydrogen molecule, the Rh atom was found to detach from the BN ring and was 3.60 Å away from the BN sheet. However the fourth hydrogen molecule was chemisorbed over the Rh atom and the detached Rh atoms acts as if in the cluster environment.
Nature of interaction between hydrogen and metal atom
To 
Discussion :
In the past several studies were carried out to know the adsorption of hydrogen molecule over various metal doped carbon, BN nanotubes and fullerenes [27, 29, 31, 32].
Zhao and co-workers suggested that BN bridge site to be the stable site for the Ni atom in BN nanotubes [33] . Similar results were observed by Wu and co-workers in the case of Pt doped BN nanotubes [29] . Our results suggest, for Ni atom doped over BN sheet, on top site is more stable by 2.76 eV than the hollow hexagonal site, while for the Rh atom 
Conclusion
In summary, we have performed first-principles calculations to understand the 
